This work introduces a new Advanced Layered Composite (ALC) design that redirects impact load through the action of a lattice of 3D printed micro-compliant mechanisms. The first layer directly comes in contact with the impacting body and its function is to prevent an intrusion of the impacting body and uniformly distribute the impact forces over a large area. This layer can be made from fiber woven composites imbibed in the polymer matrix or from metals. The third layer is to serve a purpose of establishing contact between the protective structure and body to be protected. It can be a cushioning material or a hard metal depending on the application. The second layer is a compliant buffer zone (CBZ) which is sandwiched between two other layers is responsible for the dampening of most of the impact energy. The compliant buffer zone, comprised by the lattice of micro-compliant mechanism, is designed using topology optimization to dynamically respond by distributing localized impact in the normal direction into a distributed load in the radial direction (perpendicular to the normal direction). The compliant buffer zone depicts a large radial deformation in the middle but not on the surface, which only moves in the normal direction. The effect is a significant reduction of the interfacial shear stress with two adjacent layered phases. A low interfacial shear stress translates into a reduced delamination. The ALC's response to the impact is tested by using dynamic finite element analysis. The proposed ALC design is intended to be used for the design of protective devices such as helmets and crashworthy components in vehicle structures.
Introduction
Human injuries are one of the most apprehended issues which demand researchers from medical and engineering fields to do advanced research for ensuring safety of humans. Vehicle crashes are one of the most dreadful sources of injury which demand solutions from scientists continuously. Although many innovative solutions with proved wellness are generated over the years, no product still exists which ensures protection of human beings from severe crashes or impacts. Vehicle crashworthiness is the term which is used to convey the ability of a vehicle structure and its components to protect its occupants. There are four important terms whose values are very important to decide the crashworthiness of the vehicle: 1. Head Injury Criterion (HIC) 2. Chest Injury (CLIP) 3. Femur Loads 4. Chest deflection [1] . 7/20/2015 On the other hand, head concussions occurring during football games have increased concerns of players. Design of concussion proof or in other words head injury proof helmets is the need of the current era. Studies have revealed that American football helmets do not have capability to limit acceleration and strain on the brain under threshold values [2] . The parameter used for measurement of safety of helmets is also Head Injury Criterion (HIC), which is an integral function of linear acceleration of head in terms of gravity over a certain period of time. Although injury measurements take into consideration various displacements, accelerations and forces to decide the protective ability of the structures, the main design objective of the impact protective structures is to absorb maximum impact energy such that a crash deceleration pulse with an early peak in time and then a gradual decay is obtained.
In most of the energy dampening applications various kinds of foams are implemented to absorb the impact energy. All the research was concentrated on the development of new improved materials for energy absorbing structures. However, advancement in computational capabilities has relaxed the limits for researchers making them able to generate optimized continuum structures for impact energy dissipating applications. Due to the emergence of very efficient and superior additive manufacturing technology processes, manufacturing is also no more a barrier to researchers. Any complex shape can be generated using a variety of materials with the help of additive manufacturing. Topology optimization is the most general form of the structural optimization and has been a favorite choice of researchers for past decade. Different groups have banked on different approaches to perform topology optimization of the continuum structures for impact energy dampening applications.
There are mainly two methods for topology optimization which are Gradient based and non-gradient based topology optimization. Many famous approaches have been used by researchers for topology optimization of energy absorbing structures. Some researchers have used Evolutionary Structural Optimization (ESO) or Bi-directional Evolutionary Structural Optimization (BESO) which is based on the concept of gradually removing unnecessary or inefficient material from a structure to achieve an optimal design [3, 4, 5, 6] . Hybrid Cellular Automaton (HCA) is also one of the popular concepts. In HCA only surface elements are allowed to change the density during the structural synthesis process [7, 8, 9, 10] . Other multi material topology optimization approaches with the objectives of maximizing strain energy as well as stiffness have implemented micro-inclusion model and implementation of Pareto optimal designs to generate optimized material domains [11, 12] . Traditionally, the aim of the topology optimization was to generate structure with minimum compliance or maximum stiffness with minimum strain energy. However, over the period, topology optimization is used for other applications too. Compliant mechanism synthesis is one of the most potent applications of the topology optimization. In the previous works, some research groups have generated algorithms to generate multi-material domains for energy absorbing structures using this approach [13, 14] .
The objective of this work is to develop a new Advanced Layered Composite (ALC) design that redirects impact load through the action of a lattice of 3D printed micro-compliant mechanisms providing maximum safety to protective structures such as helmets. The ability of compliant mechanisms to generate the motion at desired locations is effectively used to design our proposed ALC structure. The following sections explain the detailed design procedure in the stepwise manner. The first section introduces conceptual design of compliant mechanism for a complete solid material part of the compliant buffer zone (CBZ) followed by the development of 3D compliant mechanism suitable for additive manufacturing and design of the complete ALC. In the next sections, a benchmark problem is designed which is simple but similar to a real time scenario and the performance of the ALC structure is compared with the traditional existing design. Numerical simulations are performed using dynamic finite element analysis to generate curves of energy, force and displacement of the structure over the time of impact.
Design Development
In this section we have explained the detailed design procedure for generating the ALC. The focus of the design is on the CBZ as it is the part of the structure responsible for dissipation of most of the impact energy. The CBZ is considered as an array of a large number of cells and each cell can be treated as an independent design domain to generate optimized design. A single cell is further discretized in a number of infinitesimal elements. Each cell is a combination of three material zones: 1. Solid 2.Flexible Foam 3. Void (air). Mathematical models are applied to the elements of cell to generate a topology optimized cellular compliant mechanism (CCM) structure for solid material.
Two-dimensional conceptual design of compliant mechanism using topology optimization
Compliant mechanism is a structure that takes input force at defined locations and produces displacements at the desired locations in the desired directions. In this work, a monolithic (jointless single structure) compliant mechanism is obtained by using continuum based approach which utilizes topology optimization principles. The formulation of the optimization problem is a multi-objective formulation having the objectives: 1. Structure should be flexible enough to generate a required motion at the output and 2.The structure should be strong or stiff enough to sustain incoming forces. The displacement at the output port can also be stated as a quantity which is similar to energy called Mutual Potential Energy (MPE) [15, 16] or complementary virtual work [17] . This MPE is given as
where is the vector of external nodal forces at the input ports, is the vector of nodal displacements at the output ports, and is the vector of design variables (e.g. ,material density). MPE is calculated by considering two dummy load cases with one load at the input port and other at the output port. To develop a two dimensional (2D) quarter symmetric conceptual CBZ a 80 × 80 domain is considered. The design domain, boundary conditions and loads are defined as shown in the figure 1. The input load is considered in the vertical direction and the desired output motion is in the horizontal direction. Topology optimization is based on density based approach using regularized solid isotropic material with penalization (SIMP) method and uses optimality criterion optimizer [18] . The optimization problem is:
where ̅ is percent of the volume of domain to be occupied by the solid material and it is called as volume fraction. In addition, the algorithm requires regularization parameters such as penalization factor, filter radius and volume fraction. Default values are used as presented in [18] .
Figure2. Left: Topology optimization of a quarter part. Right: Final 2D structure after post-processing.
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The final 3D compliant mechanism and complete CBZ
Results of topology optimization may not give the global best value of objective function unless the most appropriate values of these parameters are selected. Hence, several repetitions of the optimization are performed by varying values of manual input parameters. The final structure for the global best value of objective function is as shown on the left of Figure 2 . This structure is still not suitable for additive manufacturing and contains problems such as faulty normal, open faces, gaps, etc. Output of topology optimization is post-processed to make it suitable for additive manufacturing by using methods which suggest use of modified filters [19] . The final conceptual design of 2D compliant mechanism after post-processing and taking into account quarter symmetry is shown on the right of figure 2. This is manufactured using the Fused Deposition Modeling (FDM) additive manufacturing technique with some thickness for better visualization and it is as shown in figure 3 .
The conceptual 2D design of compliant mechanism is used to generate the three dimensional (3D) axis-symmetric compliant mechanism using the CAD tools. This new structure has multiple output displacements in a plane which is perpendicular to the axis of symmetry at the mid-height of the structure. The final 3D compliant mechanism is as shown on the left of figure 4. The areas indicated in blue are fixed to the corresponding adjacent solid layers and areas shown in red can have a sliding contact with the corresponding adjacent layers. This allowance for the relative movement helps in reducing shear stresses in the structure. The remaining space of the CBZ is occupied by a flexible foam and air and hence the entire CBZ looks as shown on the right of figure 4. 
Design of a Helmet using ALC
A complete design of the helmet using the ALC is generated. Figure  14 shows cross-section of the helmet which gives an idea about the arrangement of ALC. Figure 15 shows a part of the helmet which is 3D printed for the better visualization. The design assembly has the following three parts. 1. Inner comfort foam, 2.ALC, 3.Front shield. Description of the parts is as follows:
Inner comfort foam distribution This is the part of the helmet as it exists in the previously described traditional structure which provides comfort to the head. The comfort foam has several slots for accommodating the threaded holes which are used to attach the ALC to the comfort foam. The threaded holes and the screws are made up of Acrylonitrile Butadiene Styrene (ABS) and can be manufactured by a simple FDM additive manufacturing technique. The comfort foam is as shown in the figure 16. ALC is a continuous structure made of different materials as shown in figure 17 . It can be manufactured by advanced techniques such as PolyJet polymer 3D printing. The outer layer of the ALC is further subdivided into two layers, one made of Polycarbonate shell and the other made of ABS shell. The ABS shell is a continuous shell to which fixed regions of all flexible compliant mechanism are attached. The Polycarbonate shell serves as the extended input port of the compliant mechanism. It extrudes out of the ABS shell. When impact occurs impact forces are first impinged on the outermost Polycarbonate shell which further transfers those forces to the designed input port of the flexible compliant mechanism so that compliant mechanism can act as it is designed to act. All the layers of ALC with dimensions and materials are given in the Table 4 . 
ALC within the helmet material system

Front protective shield:
The front protective shield has the conventional design. It is made of aluminum. It can be made by either traditional manufacturing processes or by additive manufacturing. A complete assembly of the helmet is shown in figure 18 . 
Performance Evaluation of ALC under Impact
Finite element analysis model
In this section, new proposed ALC is compared with the traditional helmet structure for the calculations of performance measures which are directly responsible for the effectiveness of a structure in the application of protection from impact damage. An impact test is performed which is simple, fast and easy to repeat. Non-linear explicit finite element analysis is performed using LS-dyna using non-linear material models. LS-Dyna is an advanced general purpose Multi-physics software package developed by Livemore Software Technology Corporation (LSTC). It is widely used for dynamic simulations all over the world. The main function of the helmet is to prevent head from injury during impacts. The different types of helmets like construction helmets, bike helmets, sports helmets, ballistic helmets require different levels of performance standards. The helmet performance is measured in terms of the parameters like Head Injury Criterion (HIC), maximum linear and angular acceleration of the head. The ultimate aim for an effective helmet design is maximizing energy absorption per unit volume though.
The common helmet structure is comprised of three main components: 1. Outer shell, 2.Liner foam, 3.Comfort foam. First two play an important role in protection of the head. For a most common helmet structure, outer shell is made up of polycarbonate (PC) which is a rigid lightweight material. Liner foam is Expanded Polystyrene (EPS) foam which deadens the violence of shock and the vibrations reflected on the head while being compressed [20] . Comfort foam, as its name indicates is only provided for comfort of the head and it is made up of Polyurethane foam (PUR). The average thickness of the PC shell is 1 mm, of the EPS liner foam is 25 mm and of the PUR comfort foam is 3 mm [21] .
A simple structure with a cubic shape similar to the traditional structure of helmet is generated as shown in figure 5 . The CBZ generated in this research is used to replace the EPS liner foam of traditional structure and hence the complete three-layered structure is ALC. Behavior of the two structures are compared under identical impact conditions. The total dimensions of both the structures are 45 mm × 45 mm × 29 mm. The mesh for the compliant mechanism is generated using solid four-noded tetrahedral elements so as to more accurately implement the complex shape. All the other layers in traditional as well as in the ALC structure are composed of solid hexahedral elements. The solid material used for CBZ is NitrileButadiene Rubber (NBR). More details about the material models are given in the table 1. Impacting body is a thin sphere of diameter 100 mm and is made of Polycarbonate. Velocity of the impacting sphere is 10 m/s in the vertical direction in the first case of straight impact and 10 m/s at an angle of 45ᵒ with the vertical direction in the second case of oblique impact. The bottom face of the sample is fixed and forces are also measured at the bottom surface of the test sample. 
Straight Impact Test
Energy absorption Figure 7 shows total energy absorption by the helmet structure with ALC and the traditional EPS foam over the time of impact. From the two curves it is seen that the amount of energy absorbed in the form of strain energy is same and almost equal to the kinetic energy of the impacting body. However, energy is absorbed with delayed contact between the impacting body and the protective structure when the ALC is used instead of the traditional helmet structure. This gradual change of energy encourages further to test the ALC using Anthropomorphic Test Devices (ATDs) to see the behavior of protective devices using ALC in future research work. There may be a gradual change in the deceleration pulse of the head with considerable reduction in the peak deceleration and consequently this curve generates a hope that ALC can be considered to be a possible structure which may have potential to enhance the performance of the impact protective devices having an HIC index low enough to overcome brain injuries. Figure 8 shows the force transmitted by the structures in the direction of impact which is a direct indicator of forces transferred to the head in the real time scenario. The force curve is very smooth for the helmet structure with ALC; but it has sharp variations in case of the traditional structure. Sharp variation of force gives rise to vibrations which are not present when ALC is used. Greater the magnitude of the direct force of the impact transmitted by helmet to the head, greater will be the damage caused to the skull. Hence, we can see from the curve that the ALC may help to minimize the direct damage to the skull due to impact force. Further, it can be fruitful to test the ALC for shock absorption behavior. Displacement or deformation of the structure in the direction of impact Figure 9 shows the curve of displacement of the structure in the direction of impact vs. time. The maximum deformation of the structure in the direction of impact is the stopping distance of the impacting body. It is also called as "crush distance" in case of vehicle impacts. Maximum stopping distance is desired for the reduction of accelerations and decelerations caused to human beings and consequentially corresponding injuries. Summary of comparison parameters is given in the Table 2 . Figure 9 .A comparison of transmitted force in the direction of impact for the traditional helmet structure and the new proposed ALC structure. 
Force in the direction of the impact
Oblique Impact Test
Energy absorption Figure 10 shows curves for energy absorption for both structures. The pattern of curves is similar to that of curves in case of straight impact. However, we can observe that the decrease in the strain energy is even more gradual after the impacting body loses contact with the structure. Hence, the use of this structure might be even more beneficial in case of oblique impact incidents with consideration of the energy absorption pattern. Kinetic energy of the impacting body Figure 11 shows curves for kinetic energy of the impacting object during impact. We can see that in case of oblique impact, the kinetic energy of the impacting body never decreases to zero that is it never completely stops. The minimum velocity of the impacting object is more when ALC is used. This graph explains why the peak of internal energy is less when proposed ALC is used. Figure 11 .A comparison of dampening of kinetic energy of the impacting body for the traditional helmet structure and the new proposed ALC structure for oblique impact. Figure 12 shows the curves of force transmitted in the direction of impact. The Force curve is very steep in case of the traditional structure as compared to the ALC. The Peak magnitude of the force is also comparatively low in case of ALC. Hence, future tests on the 7/20/2015 ALC may prove that it has potential to reduce direct damage due to peak impact forces. Shear force Figure 13 shows the curves of the shear force on the innermost surface of the structure which is a direct indicator of the shear force exerted on head by the helmet. This shear force is the main contributor to the peak angular acceleration of the head. The peak shear force decreases when the structure with ALC is used as compared to the traditional structure. When multiple layers of the ALC are used for protection, the reduced shear forces at the interface can be helpful in preventing delamination between any two layers which consequently may increase the life of the protective structure.
Force transmitted in the direction of impact
Values of the important parameters related to behavior of structures under oblique impacts are compared in the Table 3 . Figure 13 .A comparison of shear force transmitted (virtually to the head) by the structure in the horizontal direction (in the direction of horizontal impact velocity component) for the traditional helmet structure and the new proposed ALC structure for oblique impact. 
Conclusion
A new advanced layered composite structural material is proposed by using compliant mechanism synthesis. A simple test is carried by proposing a benchmark example in which structure is subjected to normal and oblique impacts. The results of this analysis show that ALC can give a good damping effect under the impact and interfacial shear forces can be reduced considerably in order to prevent delamination. The damping effect and strength of the composite can be varied by varying component materials of the composite. Each variation of the composite material can be tested using the proposed simple benchmark example test.
The proposed material structure may find application in various areas of energy dampening such as sports-helmets, vehicle crashworthy components, ballistic helmets, etc. The protective devices using ALC can be manufactured using advanced additive manufacturing techniques. In future research, there is a scope to perform crash tests and CAE analysis using Anthropomorphic Test Devices (ATDs) to predict the behavior in impact conditions that are similar to real-time scenarios.
7/20/2015 continuum structures for impact energy dampening applications."  Benchmark Example -Straight impact-Energy absorption "But, energy is absorbed with delayed contact between the impacting body and the protective structure when the ALC is used instead of the traditional helmet structure" changed to  "However, energy is absorbed with delayed contact between the impacting body and the protective structure when the ALC is used instead of the traditional helmet structure"  Benchmark Example -Oblique impact-Energy absorption "But, we can observe that the decrease in the strain energy is even more gradual after the impacting body loses contact with the structure" changed to  "However, we can observe that the decrease in the strain energy is even more gradual after the impacting body loses contact with the structure"  Benchmark Example -Oblique impact-Force transmitted in the direction of impact "Hence, future tests on ALC may prove that ALC has potential to reduce direct damage due to peak impact forces" changed to  "Hence, future tests on the ALC may prove that it has potential to reduce direct damage due to peak impact forces"  Benchmark Example -Oblique impact-shear force Sentence removed  "The value of shear force is negligible till impacting body is in contact with the structure" "This shear force will be responsible for the angular acceleration of the head" Changed to  "This shear force is the main contributor to the peak angular acceleration of the head" "The peak shear force is very less when structure with ALC is used as compared to the traditional structure" Changed to  "The peak shear force decreases when the structure with ALC is used as compared to the traditional structure" "Reduction in shear force at the interface can be helpful in preventing delamination of the layer which may consequently be helpful to increase the life of protective devices" Changed to  " When multiple layers of the ALC are used for protection, the reduced shear forces at the interface can be helpful in preventing delamination between any two layers which consequently may increase the life of the protective structure"  Demonstration of use: Complete design of helmet using ALC -1.Inner comfort foam "This is the part of helmet as exists in the previously described traditional structure which gives comfort to head" changed to  "This is the part of the helmet as it exists in the previously described traditional structure which provides comfort to the head" "The comfort foam has several slots for accommodating threaded holes to be used to attach the ALC to comfort foam" changed to  "The comfort foam has several slots for accommodating the threaded holes which are used to attach the ALC to the comfort foam"  Demonstration of use: Complete design of helmet using ALC -2.ALC "The outer layer of ALC has been further subdivided into two layers, one made of Polycarbonate shell and other made of ABS shell" changed to  "The outer layer of the ALC is further subdivided into two layers, one made of Polycarbonate shell and other made of ABS shell"  In the last sentence of the abstract we have stated what we mean by protective devices  "The proposed ALC design is intended to be used for the design of protective devices such as helmets and crashworthy components in vehicle structures" Hence, we have used word protective devices in some sentences like "ALC can be considered to be a possible structure which may have potential to enhance the performance of the impact protective devices having an HIC index low enough to overcome brain injuries"  References section is checked again and edited accordingly.
